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Abstract 1 

Neuromodulation was utilized here to investigate the distinct involvement of two 2 

recognized cortical hubs for semantic integration (the left anterior temporal lobe, lATL) 3 

and inhibitory control (the right dorsolateral prefrontal cortex, rDLPFC) in creative 4 

problem-solving. Participants were presented with a list of category-exemplar words, 5 

selectively recalled some of them, and then solved a set of RAT problems. Selective 6 

retrieval was introduced to trigger inhibitory control over competitors. Critically, some 7 

RAT problems could be solved with words from the previous phases of the experiment, 8 

including words that might be less accessible due to inhibition. Other problems, however, 9 

could only be solved with unpresented words. Experiment 1 showed that anodal tDCS 10 

over the lATL had a negative effect on the production of correct responses to baseline 11 

RAT problems, but not on those that required inhibited solutions. Experiment 2 produced 12 

the reverse pattern with cathodal tDCS over the rDLPFC. Resting-state EEG recordings 13 

were obtained before and after delivering tDCS, which also revealed specific tDCS-14 

induced changes in frequency bands depending on the site of stimulation. Overall, these 15 

findings provide support for the involvement of semantic and control processes in creative 16 

problem solving that are linked to different brain networks. 17 

 18 

Keywords: creativity, semantic integration, inhibitory control, anterior temporal 19 

lobe, dorsolateral prefrontal cortex.  20 

 21 

Introduction 22 

Creativity is thought to be a hallmark of human beings and closely linked to 23 

success and evolution (Lindell, 2010). Hence, significant interest has been directed 24 

towards comprehending the neurocognitive underpinnings of creative thinking (Gerver et 25 
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al., 2023; Cogdell-Brooke et al., 2020; Wu et al., 2020). Creativity is defined as the ability 26 

to generate novel, original and useful ideas or solutions to problems (Mednick, 1962). 27 

Relevant theoretical accounts on creativity, such as the dual-processes model, 28 

acknowledge the dynamic interplay between associative and controlled processes 29 

(Sowden et al., 2019; Volle, 2018). During the creative ideation, it is assumed that 30 

associative and spontaneous processes are responsible for the semantic activation of 31 

remotely related pieces of information, which are then combined into new ideas (or 32 

solutions; Beaty & Kenett, 2023; Kounios & Beeman, 2014). However, for these ideas to 33 

genuinely exhibit novelty and originality, it is necessary to avoid habitual thinking paths 34 

and dominant information in memory (Luft et al., 2018). Consequently, controlled and 35 

goal-directed processes are thought to play a central role in the downregulation of 36 

prepotent or interfering information/responses (Benedek et al., 2012; Lezama et al., 37 

2023). Hence, semantic activation/integration and (inhibitory-like) control processes are 38 

thought to play an essential role during creative thinking (Benedek & Jauk, 2018).  39 

Previous studies have underscored the importance of semantic memory structure 40 

in associative search processing and the role of inhibitory control in selecting original 41 

ideas (Beaty et al., 2022; Ovando-Tellez et al., 2022). When tackling creative problems, 42 

a search in semantic memory is initiated to find suitable pieces of information that can be 43 

integrated to reach a proper solution (Smith et al., 2013). A number of studies suggest 44 

that individuals with higher creativity tend to have semantic networks characterized by 45 

more broadly and strongly interconnected nodes of information (Benedek et al., 2017; 46 

Kenett et al., 2016) and fewer modules of distinct subnetworks, compared to less creative 47 

individuals (Denervaud et al., 2021; He et al., 2020). In addition, the ability to circumvent 48 

evident and irrelevant ideas that usually arise during the search process appears to 49 

facilitate the generation of more creative solutions (Lezama et al., 2023; Smith & 50 
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Blankenship, 1991; see Cassotti et al., 2018 for a review). Thus, for example, Storm and 51 

colleagues (Storm et al., 2010; Storm et al., 2011) demonstrated that individuals who 52 

exhibited enhanced inhibition of interfering episodic information also exhibited superior 53 

performance on a creativity test.  54 

Of special interest here, Lezama et al. (2023) have recently demonstrated that 55 

better semantic activation of strong associates and better ability to inhibit episodically 56 

interfering information predicted superior performance on the Remote Association Test 57 

(RAT). The RAT is a verbal creativity task wherein triplets of unrelated words (e. g. 58 

manners-tennis-round) are presented and participants have to find a fourth word which 59 

relates to all of them (e.g., table) (Mednick, 1968). In Lezama et al.’s study, participants 60 

firstly performed a lexical decision task with strong and weak semantic associations 61 

between primes and target as well as an attentional (global-local) task. Participants then 62 

completed an adapted version of the selective retrieval (SR) procedure; for a recent review 63 

see Anderson & Hulbert 2021), which included a RAT as the final test (see Gómez-Ariza 64 

et al., 2017). Specifically, participants studied pairs of lexical category-exemplar (e.g., 65 

FA-Famous, FA-Factory, CA-Cathedra, CA-Canary) and, in a second phase, they 66 

selectively retrieved half of the words of half of the categories when the categories and 67 

word stems were provided as retrieval cues (e.g., CA-Can__). Since selective retrieval 68 

has been shown to trigger inhibitory control over competitors, making them less 69 

retrievable temporarily, this manipulation was introduced to increase the accessibility of 70 

practiced words (e. g. Canary) while limiting the accessibility of related but competing 71 

words (e.g., Cathedra) that were not practiced (Anderson & Hulbert, 2021; see also Bajo 72 

et al., 2021). Finally, participants performed the RAT in which some of the problems 73 

could be solved with items that had formed part of the SR stage (e.g., Church-Enormous-74 

Monument, with Cathedra as the solution). The RAT also included problems whose 75 
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solutions were completely new (they had never been presented during the experiment). 76 

The results showed that participants’ priming effect (with strong semantic associations 77 

only) was the best predictor of performance on the RAT, such that more semantic priming 78 

was associated with better creative performance. Importantly, the second best predictor 79 

of RAT performance was the participants’ inhibitory control as measured by the relative 80 

impairment in producing solutions that were competitors during the selective retrieval 81 

phase. As noted above, this retrieval-induced impairment (retrieval-induced forgetting, 82 

RIF, in the episodic memory literature) has been attributed to inhibitory control processes 83 

that downregulate the activation of competing information to overcome interference 84 

during selective retrieval (see Anderson & Hulbert, 2021 and Bajo et al., 2021). As a 85 

result, successful activation of former competitors during subsequent RAT problems 86 

solving became more difficult, and these competitors are significantly less produced as 87 

solutions (for related findings in decision making and analogical reasoning see Iglesias-88 

Parro & Gómez-Ariza, 2006, and Valle et al., 2019; 2020a; 2020b, respectively). 89 

Interestingly, Lezama et al. found that individual differences in retrieval-induced 90 

impairment showed to be associated with RAT performance, such that better inhibitory 91 

control predicted enhanced performance on the RAT. Thus, the results of this study by 92 

Lezama et al. (2023) support the idea that both semantic associative processes and 93 

inhibitory control play significant roles in creativity. 94 

Semantic processes and inhibitory control have been associated with different 95 

neural networks. Thus, although semantic cognition requires multiple processes and brain 96 

systems, the anterior temporal lobe (ATL) is usually considered a core region for semantic 97 

processing (Chen et al., 2016; Lambon Ralph et al., 2017). Specifically, the ATL is a 98 

highly interconnected area that plays a critical role in the creation and maintenance of 99 

complex semantic representations (Bonner & Price, 2013; Díez et al., 2017; Lambon 100 
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Ralph, 2014). Moreover, the ATL is thought to serve as an integration hub responsible 101 

for binding modality-specific information from distributed cortices to create amodal 102 

conceptual representations (Farahibozorg et al., 2022; Lambon Ralph, 2014; Snowden et 103 

al., 2018; Zhao et al., 2017). Importantly, while a number of findings seem to support the 104 

bilateral involvement of the ATL as a semantic integration hub (Lambon Ralph et al., 105 

2017), some lines of evidence suggest a functional asymmetry, indicating that the role of 106 

the left ATL is more evident when lexical-semantic knowledge is concerned (Alonso et 107 

al., 2021; Gainotti, 2012; Mion et al., 2010). Interestingly, some studies have linked the 108 

activity in the left ATL with the exploration of conceptual structures stored in memory to 109 

generate creative ideas (e. g., Abraham et al., 2012; Abraham et al., 2018; Aihara et al., 110 

2017; Chi & Snyder, 2011, 2012).  111 

Executive control processes thought to contribute to the production of creative 112 

ideas have been associated with prefrontal regions such as the inferior frontal gyrus (IFG) 113 

and the dorsolateral prefrontal cortex (DLPFC) (Becker et al., 2020; Benedek et al., 2014; 114 

Beaty et al., 2017; Cassotti et al., 2016). These areas are thought to be involved in the 115 

implementation of top-down control over different cortical and subcortical regions, 116 

depending on the specific task being performed (Beaty et al., 2015; Anderson & Hulbert, 117 

2021). For example, the downregulation of interfering information during selective 118 

retrieval has been shown to be associated with the right dorsolateral and ventrolateral 119 

prefrontal cortices (Kuhl et al., 2007; Stramaccia et al., 2017; Valle et al., 2020a; Wimber 120 

et al., 2015). Interestingly, the IFG and DLPFC have also been proposed to play a role in 121 

the regulation of semantic processing and access to meaning (Green et al., 2017; Noonan 122 

et al., 2010; Sela et al., 2012). Thus, for example, Bendetowicz et al. (2018) observed that 123 

patients with brain damage in right prefrontal regions were less creative because they 124 

relied on more common links when generating semantic associations in the RAT. Overall, 125 
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the lateral prefrontal cortex seems to be particularly involved in interference control and, 126 

in the case of creativity, in gaining accessibility to original ideas by inhibiting dominant 127 

but non-original ones and orienting the semantic search towards task-appropriate 128 

semantic knowledge (Benedek & Fink 2019; see Chrysikou, 2019, for a review; Öllinger 129 

et al., 2008). 130 

Despite the evidence for a role of semantic processes and inhibitory control in 131 

creative performance and their association with activity in temporal and prefrontal 132 

regions, to our knowledge no previous study has examined the contributions of both 133 

processes in creativity tasks. Therefore, the aim of the present research was to dissociate 134 

semantic and inhibitory control processes by using transcranial direct current stimulation 135 

(tDCS) to modulate activity in the left ATL (semantic processing/integration) and the 136 

right DLPFC (inhibitory control) during creative thinking. TDCS usually involves the 137 

delivery of a constant weak electrical current (usually 1-2 mA) typically applied through 138 

surface electrodes placed on the participant's scalp over a region of interest. The current 139 

flows from anode to cathode over a period of time (usually 10-20 min) and has the 140 

potential to modulate cortical excitability (Nitsche & Paulus, 2000) and change brain 141 

activity beyond the stimulated area (i.e., functional connectivity within brain networks, 142 

Kim et al., 2021). Therefore, tDCS is considered a valuable technique for understanding 143 

the involvement of brain areas (and networks) in motor and cognitive functions (Filmer 144 

et al., 2014; Bestmann et al., 2015; Fertonani & Miniussi, 2017). 145 

Some studies have already explored the role of the ATL during creative problem 146 

solving, particularly in relation to insight, but with mixed results (Aihara et al., 2017; Chi 147 

& Snyder, 2011, 2012; Ruggiero et al., 2018). Chi and Snyder (2011, 2012) showed that 148 

cathodal tDCS delivered over the left ATL (while anodal tDCS was delivered over the 149 

right ATL) reduced participants' susceptibility to functional fixation induced by prior 150 
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exposure while completing insight problems. In contrast, Aihara et al. (2017) found no 151 

evidence that anodal tDCS over the right ATL (with two different electrode montages) 152 

influenced performance in creative tasks (matchsticks arithmetic problems and RAT). 153 

More recently, Ruggiero et al., (2018) observed that anodal stimulation of the left ATL 154 

(coupled with cathodal tDCS of the right ATL) reduced response times in the RAT 155 

relative to sham, but this effect did not reach statistical significance in accuracy (note that 156 

the sample size in this study was very small: n = 7). In few words, because these studies 157 

varied in sample sizes, type of tasks, tDCS protocols and electrode montages, it is still 158 

difficult to interpret the effects of tDCS over ATL when solving creative problems. 159 

Regarding the role of the DLPFC in creativity, there seems to be a general 160 

consensus on the predominant role of the left DLPFC relative to the homologous region 161 

in the right hemisphere, even when the available evidence is also mixed. Cerruti and 162 

Schlaug (2009) showed that anodal stimulation over the left DLPFC improved RAT 163 

resolution compared to cathodal or sham stimulation, whereas tDCS delivered over the 164 

right DLPFC did not change RAT performance (see Zmigrod et al. 2015; Exp. 1 for 165 

similar results). More recently, however, Li et al. (2022) observed that, compared with 166 

sham stimulation, anodal left/cathodal right tDCS improved the originality of responses 167 

in the Alternate Uses Task (AUT) but had no effect on performance in the RAT (for a 168 

similar finding see Xiang et al., 2021), which might suggest that divergent thinking may 169 

be more easily modulated by tDCS over the DLPFC than convergent thinking.  170 

In summary, previous work has demonstrated the importance of semantic and 171 

inhibitory processes in creative problem solving. However, causal evidence for the 172 

involvement of anterior temporal and lateral prefrontal areas in RAT problem solving 173 

remains to be elucidated. With the aim of clarifying and dissociating the role of the (1) 174 

left ATL in semantic integration during creative problem solving (Experiment 1) and (2) 175 
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the right DLPFC in the downregulation of interfering memory representations that could 176 

potentially contribute to creative RAT problem solving (Experiment 2), we report two 177 

tDCS experiments using the SR-RAT procedure used by Gómez-Ariza et al. (2017). In 178 

this procedure, participants initially studied a list of items consisting of orthography-179 

based categories pairs (e.g.: CA-Canary, CA-Cathedra). In the following phase, they had 180 

to repeatedly recall half of the items from only half of the previously presented categories 181 

(e.g.: CA-Can_). Finally, they were engaged in solving RAT problems, wherein some of 182 

the solutions were words presented in the previous phases, and the rest were entirely new 183 

words. The advantage of this behavioral procedure is that it provides indices to assess the 184 

relative role of semantic processing (from hits in RAT problems whose solution is a new 185 

word) and memory inhibition (from hits in RAT problems whose solutions were 186 

competitors during selective retrieval). Although both, semantic processing and 187 

inhibitory control, should operate in the search for a RAT solution, in the SR-RAT 188 

procedure some RAT problems have a potential solution that has been previously studied 189 

and inhibited and, therefore, trying to solve such problems has a strong episodic 190 

component. In contrast, RAT problems with new solutions would more probably reflect 191 

the result of semantic processing (semantic integration over the presented word triplet to 192 

arrive at correct solution). Hence, in the present experiments, the index of creativity 193 

(assumed to be more dependent on semantic activation/integration) was the percentage of 194 

correct responses to problems whose solution had not been presented previously (new 195 

problems). As in previous related studies (see Bajo et al., 2021), inhibitory control was 196 

operationalized as the difference between responses to problems that could be solved with 197 

competitors and responses to problems that could be solved with studied only items 198 

(retrieval-induced impairment; see Bajo et al., 2021).  199 
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Importantly, the processes targeted by tDCS in each of the experiments are thought to 200 

operate in different time windows. Associative and integration processes are thought to 201 

play a role during creative generation (i.e., during RAT problems solving) (Benedek et 202 

al., 2023), whereas inhibitory control is thought to operate during retrieval (Bajo et al., 203 

2021). Thus, in Experiment 1 tDCS was applied before the target process (semantic 204 

integration) is thought to play its role. This specific timing was chosen based on the results 205 

of Díez et al. (2017; see also Boggio et al., 2009), who showed that applying anodal tDCS 206 

over the left ATL during the encoding phase of a DRM paradigm generated a reduction 207 

in semantically based memory distortions (a behavioral effect thought to depend on the 208 

left ATL and its role as an integration hub). However, in Experiment 2, tDCS was 209 

intended to hamper inhibitory control of competing memories which could subsequently 210 

be solutions in the RAT phase, while leaving semantic integration unaffected. 211 

Importantly, previous tDCS studies have shown that cathodal stimulation over the right 212 

DLPFC during selective retrieval disrupts inhibitory control of competitors (Stramaccia 213 

et al., 2017; Valle et al., 2020b). Hence, in Experiment 2, the tDCS protocol was based 214 

on studies showing successful disruption of inhibitory control of competing memories. 215 

In both experiments the potential effects of tDCS were assessed using behavioral 216 

and electroencephalography (EEG) measures. In Experiment 1, anodal tDCS over this 217 

region was expected to reduce the number of responses to new problems compared to 218 

sham stimulation. In Experiment 2, it was predicted that cathodal tDCS over the right 219 

DLPFC would specifically increase the production of competitor solutions during 220 

selective retrieval. Because previous studies have shown that it disrupts inhibitory control 221 

over competing memories (e.g., Valle et al., 2020a), it was expected that former 222 

competitors would be more accessible as solutions in the real tDCS group than they would 223 

be in the sham group, in which inhibition was expected to act on competitors during 224 
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selective retrieval. For EEG, resting-state (RS) brain activity was recorded before and 225 

after stimulation. Previous studies of RS-EEG and creativity tasks have focused on 226 

resolution style (insight/analysis) rather than on how different band frequencies relate to 227 

mean performance, and have yielded mixed results using different creativity tasks 228 

(Erickson et al., 2018; Kounios et al., 2008; Wu et al., 2014). To the best of our 229 

knowledge, only one previous study considered pre-post EEG recordings when tDCS was 230 

delivered over bilateral DLPFC during RAT performance (Hertenstein et al., 2019). 231 

Although this study found an increase in beta-band power after stimulation, tDCS did not 232 

affect performance, nor was beta power associated with creative responses. In the present 233 

experiments, RS-EEG was recorded to examine whether there were tDCS-induced 234 

changes in power at different frequency bands, as well as possible associations between 235 

this activity and RAT performance (e.g., Hertenstein et al., 2019).  236 

 237 

Experiment 1 238 

The main goal of Experiment 1 was to determine whether applying anodal tDCS 239 

over the left ATL would modulate creative responses in the RAT. Because RAT 240 

performance has been shown to be sensitive to individual differences in both 241 

associative/semantic and inhibitory processes (Lezama et al., 2023), RAT could also be 242 

an appropriate task to target the modulation of such processes using tDCS. The ATL is 243 

thought to serve as a semantic integration hub of utmost significance in the establishment 244 

and maintenance of complex semantic representations (e.g., Bonner & Price, 2013; 245 

Lambon Ralph, 2014), which play a relevant role in creativity (Abraham et al., 2018; 246 

Aihara et al., 2017). However, previous studies investigating the effect of anodal 247 

stimulation of the left ATL on creativity have yielded mixed results (see Chi & Snyder, 248 

2011, 2012; Ruggiero et al., 2018). Thus, the present experiment aimed to shed light on 249 
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the involvement of the left ATL in associative/integration processes that are thought to 250 

contribute to creative problem solving. 251 

The left ATL has been shown to be involved in the formation of semantically- 252 

based false memories due to its role as an integration hub within a semantic brain network 253 

(Chadwick et al., 2016). Indeed, anodal tDCS over the left ATL has been shown to reduce 254 

semantically based memory distortions (e. g., Boggio et al., 2009, Diez et al., 2017). As 255 

mentioned, Díez et al. (2017) observed that semantically-induced memory distortions 256 

were reduced after anodal but not cathodal tDCS over the lATL, suggesting that anodal 257 

stimulation seemed to disrupt the semantic integration process necessary to induce false 258 

memories. Thus, in the present experiment, the same tDCS protocol as Díez et al. (2017) 259 

was followed because the main goal was to learn whether the impairment of semantic 260 

integration by tDCS would selectively affect the ability to solve creativity problems. For 261 

this reason, and because RAT scores have recently been shown to positively correlate 262 

with semantically induced false recognition (Thakral et al., 2021; see also Dewhurst et 263 

al., 2011), it was expected that anodal tDCS, relative to sham tDCS, over the left ATL  264 

would impair RAT performance in the present experiment, particularly for problems 265 

whose solution had not been presented previously in the experimental session (i.e., new 266 

problems). New problems would more clearly involve semantic processes than problems 267 

whose solutions had been previously studied, which would necessarily involve episodic 268 

memory because they were previously presented (and studied) during the encoding phase. 269 

Therefore, we expected that stimulation would be more likely to affect solutions to new 270 

problems than solution to studied problems.   271 

On the other hand, it was hypothesized that solutions that were competitors during 272 

selective retrieval would be produced less frequently than studied solutions during the 273 

RAT phase (i. e., a retrieval-induced impairment in the RAT). Importantly, because tDCS 274 
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was applied over left the anterior temporal region, which is not directly associated with 275 

inhibitory control, no difference in retrieval-induced impairment was expected between 276 

real and sham tDCS. In conclusion, in Experiment 1, tDCS should modulate the creativity 277 

index but not the inhibitory index.   278 

 279 

Method 280 

Participants.  281 

The minimum sample size was determined in advance based on the effect sizes 282 

observed in two previous studies (Díez et al., 2017; Gómez-Ariza et al., 2017). Given the 283 

similarity of the materials and procedure to those used by Gómez-Ariza et al. (2017), the 284 

(large) effect size of the retrieval-induced impairment (inhibition index) observed in their 285 

Experiment 2 (d= 1.37) was assumed. The analysis conducted by using G*Power 3.1 286 

(Faul et al., 2009) indicated that a sample size of 18 participants per group was large 287 

enough to detect a statistically significant retrieval-induced impairment (power = 0.80%; 288 

alpha = 0.05). Additionally, the effect size (false recognition of critical words in 289 

associative lists; anode vs. sham; d = -0.85) observed in the tDCS study by Diez et al. 290 

(2017), who also stimulated the left ATL, was considered. The corresponding analysis 291 

determined that a sample size of 22 participants per group was large enough to detect 292 

group differences. Finally, the sample size included 32 participants per group (mean age 293 

= 20.3 years; SD = 3.6, females = 44) to complete the counterbalancing conditions. In 294 

order to assess the implicitness of the relationship between some of the solutions to the 295 

RAT problems and the previous stages wherein they could appear, participants were 296 

asked at the end of the experiment to report whether they had noticed this association 297 

(i.e., Have you noticed any association or relationship between the memory task and the 298 

RAT?). Only participants who reported that they were not aware of the relationship 299 
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between the two phases or became aware only during the second block of the RAT, were 300 

included in the analysis. Thus, at the end of the experimental session, participants were 301 

included in the final sample only on the basis of their response. The total sample collected 302 

for Experiment 1 was actually 77 participants, but 13 of them were excluded (10 from the 303 

real tDCS group and 3 from the sham group) (Table 1 in the Appendix shows the actual 304 

sample sizes in both experiments for behavioral and EEG results). All participants were 305 

right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971), had 306 

normal or corrected vision and reported no history of neurological or psychiatric 307 

disorders, migraines, metal implants, head injuries, seizures, epilepsy or active 308 

medication (except oral contraceptive pills). Participants were randomly assigned to the 309 

stimulation conditions and remained unaware of their specific tDCS group and the main 310 

hypotheses until the end of the experimental session. Ethical approval for the study was 311 

granted by the Ethics Committee of the University of Granada (code: 84/CEIH/2015). 312 

Participants participated in the study in exchange for course credits. 313 

Materials. 314 

The materials were the same as in Gómez-Ariza et al. (2017) and Lezama et al. 315 

(2023). The stimuli were 54 words belonging to nine different orthographic categories, 316 

with each category containing six words (i.e.: maquillaje, marinero, matanza, madurez, 317 

maleta, and manual for the category MA). Additionally, there were two extra categories; 318 

of two words each that were used as fillers to minimize primacy and recency effects 319 

during the presentation of the material.  320 

Within each category, there were three words of medium-high lexical frequency 321 

(range = 34-98, M = 58.7) and three words of medium-low lexical frequency (range = 10-322 

34, M = 20.14). All exemplars were selected from the normative database of Alameda 323 

and Cuetos (1995) according to their lexical frequency. Importantly, the selected words 324 
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adhered the following standards: a) they had no associative or semantic connections with 325 

other words in the category; b) they were two to five syllables long; c) each word had a 326 

unique third letter.  327 

The medium-high lexical frequency words were counterbalanced across 328 

conditions to form: a) competitor items (words presented during the study phase and 329 

belonging to the same category as the practiced words during the SR phase, but never 330 

retrieved); b) studied items (words presented exclusively during the study phase and 331 

belonging to a different category than the practiced words); c) new items (words neither 332 

presented during the study phase nor during the SR phase; and belonging to a different 333 

lexical category than the practiced words). Similarly, the words with medium-low lexical 334 

frequency were counterbalanced to generate: a) practice words during the SR phase 335 

(words presented during the study phase and retrieved during the SR phase); b) studied 336 

items (words presented only during the study phase, and belonging to a different lexical 337 

category than the practiced words); c) new items (words that were neither presented in 338 

the study phase nor in the SR phase and that belong to a different lexical category than 339 

the practiced words).  340 

Six task versions were created to counterbalance the material across participants. 341 

Within each version, three categories (e.g., CA, PE, FA) were both studied and practiced, 342 

resulting in competitors and practiced items. Another set of three categories were studied 343 

only during the initial phase (e. g., BA, MA, DE), yielding only studied items. The 344 

remaining three categories (e. g., DI, RE, TA) were not studied and corresponded to the 345 

new solutions. In the RAT phase, the solution of each problem corresponded to one of 346 

the 54 exemplars previously described (e.g., Growth-Reflection-Fruit for Maturity). 347 

Similar to Gómez-Ariza et al. (2017) and Lezama et al. (2023), the associative strength 348 
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between the solutions and the words of the RAT problems was controlled 349 

(forward/backward associative strength <.20).  350 

Resting-State EEG acquisition and processing.  351 

Two five minutes eyes-closed resting-state EEG recordings were obtained at the 352 

beginning and end of the experimental session using a 40-scalp electrode cap (Quick-353 

Cap, Neuroscan, Inc.) using the 10-20 system. The electrical signal was amplified by a 354 

Scan NuAmps system (Compumedics Ltd., VIC, Australia). The sampling rate was set to 355 

1000 Hz with an online filter (high pass: 0.5 Hz; low pass: 70 Hz). Impedance of all 356 

electrodes was kept below 10 kΩ, and the EEG signal was referenced to the Cz electrode 357 

during data acquisition. The preprocessing and analysis procedures followed the methods 358 

described in Prat et al. (2016) and Aguerre et al. (2021). Prior to data analyses, a high-359 

pass filter at 1 Hz was applied and the five minutes recording was segmented into second-360 

s epochs with 0.5s overlap. Artifacts were manually removed using Fieldtrip toolbox on 361 

Matlab (Oostenveld et al., 2011) through thorough data inspection. Bad channels, with 362 

high level of artifacts (always less than 10% of the total) were identified and interpolated 363 

from neighboring electrodes using triangulation method. The average log power spectrum 364 

was then calculated over the frequency range from 4 Hz until 40 Hz. To do this,  the 365 

power spectrum of each epoch was calculated using the Fast Fourier Transform, then log-366 

transformed, and finally; the resulting power spectra were averaged over all epochs. To 367 

diminish spectral leakage, a Hanning window was applied to each epoch before the Fast 368 

Fourier transform. Finally, the mean log power was calculated across theta (4-7.2 Hz), 369 

alpha (8-12.5 Hz), beta (13-29.5 Hz), and low gamma (30-40 Hz) frequency bands for 370 

each channel and participant in the two recording times.   371 

Transcranial direct current stimulation. TDCS was delivered using a DC Brain 372 

Stimulator Plus (NeuroConn, Ilmenau, Germany) via two saline-soaked surface sponge 373 
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electrodes. Saline solution with a sodium chloride saturation of 0.9% was used (ERN 374 

Laboratories, S.A.) In the anodal group (real tDCS), a constant current of 1.5 mA (0.06 375 

mA/cm2) was delivered for 20 minutes using a 30 s fade-in and fade-out ramp. The anode 376 

(5x5 cm) was positioned on FT9 according to the international 10-10 system for EEG 377 

electrode placement. FT9 was chosen because it is considered the closest electrode to the 378 

left ATL (BA 38) (Acharya et al., 2016; see also Díez et al., 2017). The reference 379 

electrode (5x7 cm) was placed on the contralateral deltoid muscle to minimize its effect 380 

on the brain. For the sham group, the montage mirrored that of the active group, but the 381 

current intensity was reduced to 0.75 mA and lasted 30 seconds, with an eight seconds 382 

fade-in and fade-out ramp. Figure 1 depicts the electrode montage and simulated current 383 

flow using SimNIBS (4.0.1) software (Thielscher et al., 2015).  384 

 385 

 
Figure 1. tDCS electrode montage and simulation of the current flow performed using SimNIBS 4.0.1 

(Thielscher et al., 2015). The 5x5 cm anode electrode was positioned over the left anterior temporal lobe 

(FT9). The 7x5 cm cathode electrode was positioned over the contralateral shoulder.  The strength of the 

induced electrical field (magnE) is depicted in V/m and the current generated by each electrode in 

presented in mA.   
 386 
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As is common in neuromodulation research, participants were asked to remove 387 

metal objects  from their bodies. Elastic bands were used around the participants’ chest 388 

and head to prevent displacement of the electrodes in case of movement. Importantly, the 389 

stimulator was always manipulated between tasks to disguise the stimulation assignment; 390 

and was always out of reach for participants. They could never see the screen of the device 391 

(which was covered with paper) or press any buttons.   392 

Procedure.  393 

The experimental procedure was very similar to that used by Gómez-Ariza et al. 394 

(2017), albeit with adaptations to include the tDCS and resting EEG recording protocols. 395 

The experimental session lasted approximately two and a half hours. Once participants 396 

read and signed the written consent, the pre-task resting-state EEG recording began. 397 

Participants were instructed to close their eyes, relax, and avoid movement for five 398 

minutes. The tDCS electrode montage was then prepared. Figure 2 shows a schematic 399 

representation of the experimental procedure.  400 

Participants then performed the adapted SR task followed by the RAT. During the 401 

encoding phase, a sequence of orthography-based categories and exemplars pairs (e.g., 402 

CA-Canary) was presented for five seconds, with a one-second interval between pairs. 403 

Participants were required to memorize each syllable-exemplar pair. The 36 pairs of 404 

stimuli were presented twice in random order, with the same two filler categories (FI y 405 

LE) always presented at the beginning and end of the list. After the instructions were 406 

explained, the tDCS (anodal or sham) started and continued through the study phase 407 

(approximately 12 minutes), and the eight minutes distractor task that participants 408 

performed after the study. In this task, participants had to circle three different letters (k, 409 

w, and z) within a text written in an unfamiliar foreign (Polish) language. Then, in the 410 

selective retrieval phase, participants were asked to repeatedly recall half of the items 411 



 19 

 

from half of the studied categories. Each trial began with the presentation of a category 412 

cue (e.g.: CA) for two seconds, followed by one-second interval during which a three-413 

letter exemplar fragment appeared (e.g.: Can_) for five seconds. Participants were asked 414 

to say  aloud the unique word from the preceding phase that matched the fragment. Each 415 

trial was practiced three times in random blocks of three items, with each category 416 

appearing only once. Filler categories were always presented at the beginning and end of 417 

each block. Participants then performed another distraction task involving arithmetic 418 

operations for five minutes.  419 

 420 

 

Figure 2. Schematic representation of the experimental procedure. The same procedure was followed in 

Experiments 1 and 2, except for the tDCS protocol. In Experiment 1, anodal tDCS was applied over the 

left ATL during the study phase. In Experiment 2, cathodal tDCS was applied over the right DLPFC during 

the selective retrieval phase. In both cases, real tDCS lasted for 20 minutes.  

 421 

Finally, participants completed the RAT problems. Participants were told that they 422 

had to solve creative problems consisting of three words lacking an apparent association 423 

between them. They were instructed to find a fourth word that was related to all three. 424 
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Additionally, they were informed that the relationship could be based on context, 425 

semantic field, synonymy, descriptions, etc. Before starting the experimental task, two 426 

RAT problems were presented to familiarize the participants with the procedure. The 54 427 

problems were divided into two different blocks according to the lexical frequency of the 428 

solutions, and presented in a random order within each block. The first block contained 429 

problems whose solutions were high-frequency words (i.e., competitors during the SR 430 

phase, only-studied words or new solutions). In the second block, problems could be 431 

solved with low-lexical frequency words (i.e., targets during SR, only-studied words, and 432 

new solutions). Participants had up to one minute to produce a solution to each problem. 433 

If participants did not provide an answer, the next problem appeared automatically after 434 

one-minute time limit. At the end of the task, a post-task questionnaire was administered 435 

to assess participants’ awareness of the relationship between encoding/SR and RAT. 436 

Before the stimulation began, participants were instructed to inform the experimenter if 437 

they felt any discomfort. At the end of the experimental session, participants were asked 438 

which tDCS condition they thought they had been assigned to and finally they completed 439 

a questionnaire on potential adverse effects of tDCS (Brunoni et al., 2011).  440 

 441 

Results 442 

The results of analyses of variance (ANOVAs) on performance in the selective 443 

retrieval phase and the RAT are reported below. In all cases, stimulation (real vs. sham) 444 

was introduced as a between-groups factor. RAT performance was analyzed considering 445 

correct responses to problems with different solution type (new, competitor, studied). 446 

Specifically, to examine the effect of tDCS on creativity (without the influence of the 447 

selective retrieval manipulation), the focus was on correct responses to new and studied 448 

problems (collapsing both blocks of RAT problems). As for the retrieval-induced 449 
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impairment, it was analyzed by considering correct responses to problems whose 450 

solutions were competitors during selective retrieval and correct responses to problems 451 

with studied solutions (all presented during the first problem block). 452 

EEG activity was analyzed by considering averaged power in each band frequency (i.e., 453 

theta, alpha, beta, and low gamma; see previous section for detailed EEG data 454 

processing). A mixed ANOVA with stimulation (real vs. sham) as the between-group 455 

factor and recording time (pre-task vs. post-task) as the within-subject variable was 456 

performed as well as correlation analyses (Spearman’s rho) between pre-task and post-457 

task power. Finally, the differential resting-state activity for each band frequency was 458 

obtained (by subtracting the pre-task EEG measurements from the post-task EEG 459 

measurements), and correlation analyses (Spearman’s rho) between this measure and 460 

correct responses to new problems (the only ones modulated by tDCS) were performed 461 

for both stimulation groups.  462 

Responses to the adverse effects questionnaire indicated that none of the 463 

participants experienced major complaints or discomfort associated with stimulation. 464 

Table 2 in the Appendix summarizes the self-reported frequency of effects in both groups 465 

and the incidence of correct guessing of group assignment, along with  p values for 466 

between-groups comparisons.  467 

Behavioral results 468 

Effect of neuromodulation and prior exposure on creative responses. To examine 469 

the potential effect of tDCS over the left ATL on creative performance, only responses to 470 

problems that could be solved with new solutions (items never presented during the 471 

experimental session) and studied solutions (i.e., studied items that were neither targets 472 

nor competitors during retrieval practice) were considered. Thus, a 2 (tDCS: Real vs. 473 

Sham) x 2 (type of solution: Studied vs. New) mixed ANOVA on correct responses to 474 



 22 

 

RAT problems was conducted. The analysis revealed a main effect of type of solution, 475 

F(2,62) = 29.13, p < 0.001, η2
p = 0.32, indicating that participants resolved more RAT 476 

problems whose solution had been previously studied (Studied: M = 44.20; SD = 14.70; 477 

New: M = 34.10; SD = 11.20). There was also a main effect of tDCS, such that participants 478 

who received real stimulation (M = 37.33; SD = 10.92) produced fewer responses than 479 

participants in the sham group (M = 42.55; SD = 10.93; F(2,62) = 7.59, p = 0.008, η2
p = 480 

0.10). More importantly, the interaction reached statistical significance, F(2,62) = 5.21, 481 

p = 0.02, η2
p = 0.07. Simple effects analyses revealed that there was no difference between 482 

real and sham tDCS when participants solved problems whose solution had been 483 

previously studied (MReal= 42.90; SDReal =14.30; MSham= 45.50; SDSham= 15.23, F(1,62) < 484 

1, η2
p < 0.01). In contrast, in the case of problems to be solved with unstudied solutions 485 

real tDCS led to fewer correct responses (M = 28.50; SD = 7.82) than Sham tDCS (M = 486 

39.64; SD = 11.33), F(1,62) = 21.08, p < 0.001, η2
p = 0.25 (see Figure 3).  487 

 488 

  

Figure 3.  RAT performance in Experiment 1 as a function of stimulation and type of solution. Studied: 

Problems whose solution was studied in the first phase of the experimental session but was not target 
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 489 

Selective retrieval and retrieval-induced impairment in RAT performance. The 490 

overall mean percentage of successful recall during the SR phase was 89.45 (SD = 12.01). 491 

Performance was not significantly different between the two stimulation groups (MSham = 492 

89.50, SDSham = 12.02; MReal = 89.41; SDReal = 12.20; F(1,62) < 1, η2
p < 1). For the RAT 493 

phase, the overall mean percentage of correctly solved problems was 39.94 (SD = 11.20), 494 

with the difference between real and sham groups only approaching statistical 495 

significance (MSham = 42.55, SDSham = 10.93; MReal = 37.33; SDReal = 10.92; F(1,62) = 496 

3.66, p = 0.06, η2
p = 0.06).  497 

To test whether tDCS modulated the retrieval-induced impairment in the RAT 498 

(which was not expected in Experiment 1), a 2 (tDCS: Real vs. Sham) x 2 (type of 499 

solution: Competitors vs. Studied) mixed ANOVA was performed. It should be noted that 500 

for this analysis and following the procedure from previous studies on retrieval-induced 501 

impairments (e.g., Bajo et al., 2006; Gómez-Ariza et al., 2012; Gómez-Ariza et al., 2017; 502 

Valle et al., 2020a; Weller et al., 2013), the studied solutions considered belonged to the 503 

high-medium lexical frequency items. The results revealed a main effect of solution type 504 

indicating that competitor items (those that were competitors during the SR phase; M = 505 

33.20; SD = 17.70) were produced less as solutions than studied items (M = 40.50; SD = 506 

17.64), F(2,62) = 7.86, p = 0.007, η2
p = 0.11, (see Figure 4: see also Table 3 in the 507 

Appendix for descriptive statistics). However, there was no main effect of tDCS, F(2,62) 508 

< 1, η2
p = 0.00 or interaction, F(2,62) < 1, η2

p = 0.014. This pattern of results indicates 509 

that tDCS over the left ATL did not modulate retrieval-induced impairment.  510 

 511 

nor competitor during retrieval practice. New: Problems whose solution was never presented in the 

experimental session. Error bars represent standard errors of the mean. 
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 512 

EEG results 513 

Effects of neuromodulation in resting-state EEG. Due to technical failures, data 514 

from three participants (two real and one sham) were missing from the pre-task recording 515 

and further three from the post-task one (all from the sham group). To determine whether 516 

there were group differences in resting-state brain activity, a 2 (tDCS: Real vs. Sham) x 517 

2 (recording time: pre-task vs. post-task) mixed ANOVA on mean power for each 518 

frequency band was conducted considering the following clusters from the 40 channels: 519 

anterior-frontal (FP1, FP2), left-frontal (F3, F7, FC3) right-frontal (F4, F8, FC4), left-520 

parietal (P3, P7) right-parietal (P4, P8) left-temporal (FT7, FT9, T7) right-temporal (FT8, 521 

FT10, T8) and occipital (O1, OZ, O2) and the whole set of electrodes). No statistically 522 

significant effects were found (all Fs <1; ps > 0.45). Descriptive statistics in each band 523 

frequency of the whole set of electrodes are summarized in Table 1.  524 

 525 

 

Figure 4. Retrieval-induced impairment (percentage of problems correctly solved with competitors subtracted 

from the percentage of problems correctly solved with studied only solutions) as a function of stimulation group. 

Error bars represent standard errors of the mean. 
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 526 

 527 

 528 

 529 

 530 

 531 

 532 

Pre and post EEG activity was then correlated separately for each group to 533 

examine the consistency of power. For the sham group, the analyses showed positive and 534 

reliable associations across all frequency bands. For the real tDCS group, however, there 535 

were statistically significant correlations for alpha, beta and gamma, but not theta [see 536 

Table 2; see and also Figure 1(a) in the Appendix], suggesting that real tDCS induced 537 

changes in theta band power that were not present in the sham group.  538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

Differential EEG resting-state activity and performance in new problems. To 548 

determine whether performance on problems with new solutions, the problems on which 549 

tDCS was shown to have a behavioral effect, was associated with resting-state EEG 550 

activity, post-pre differences in power for each frequency band were correlated with 551 

correct responses in each tDCS group. Spearman’s correlation analyses revealed a 552 

Table 1. Means (and standard deviations) of power in each band 

frequency as a function of tDCS and recording time in Experiment 1. 

tDCS group Band frequency Pre Post 

Sham tDCS 

Theta 2.39 (3.68) 2.55 (2.26) 

Alpha 2.61 (3.76) 2.86 (2.26) 

Beta 2.24 (3.34) 2.34 (1.87) 

Gamma 1.83 (3.06) 1.81 (1.58) 

Real tDCS 

Theta 2.42 (2.14) 2.62 (1.61) 

Alpha 2.68 (2.15) 2.94 (1.58) 

Beta 2.33 (1.85) 2.52 (1.33) 

Gamma 1.95 (1.65) 2.04 (1.16) 

Table 2. Pre-post correlations in power as a function of tDCS and band 

frequency in Experiment 1. 

Band frequency Sham tDCS Real tDCS 

 Spearman ‘s rho (ρ) Spearman ‘s rho (ρ) 

Theta 0.59** 0.25 

Alpha 0.53** 0.46** 

Beta 0.55** 0.51** 

Gamma 0.45* 0.39* 

*p < 0.05, ** p < 0.01 
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different pattern of associations in each group. In the sham group, the number of correct 553 

responses was positively associated with the change in theta band (r = 0.42; p < 0.05; see 554 

Figure 5). That is, the greater the change in resting power from pre to post, the higher the 555 

rate of correct responses to problems. In the real stimulation group, however, no reliable 556 

correlation emerged (ρs < 0.1, ps > 0.43).  557 

 558 

Sham tDCS Real tDCS 

  

Figure 5. Scatterplots of the relationship between differential theta and creative performance (correct responses to 

problems with new solution) in both tDCS groups in experiment 1. Spearman’s coefficients and associated p-values 

are also shown. 

 559 

Interim discussion 560 

Experiment 1 aimed to test the implication of the left ATL in solving RAT 561 

problems using anodal tDCS, which has previously been shown to be effective in 562 

disrupting performance on cognitive tasks that also require the contribution of the ATL 563 

as a semantic integration hub (Abraham et al., 2018; Díez et al., 2017; Ruggiero et al., 564 

2018). Consistent with such an implication, participants in the real tDCS group exhibited 565 
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a reduced ability to accurately solve RAT problems compared to their sham counterparts. 566 

Importantly, this behavioral effect was uniquely observed in the (new) problems whose 567 

solutions were words that were never presented in the experimental session, mimicking 568 

the standard problems usually included in the RAT. It should be noted that these solutions 569 

were unaffected by prior exposure during the study phase or by inhibitory control during 570 

selective retrieval, and are therefore the most appropriate index to assess the potential 571 

effect of tDCS on the left ATL and its contribution to creative problem solving.  572 

Importantly, no other performance differences between the stimulation groups 573 

emerged. Selective retrieval success was comparable in both groups. Similarly, 574 

performance in the remaining problem conditions (to be solved with competitors and 575 

studied items) was comparable in both tDCS groups, replicating previous findings in the 576 

literature on selective retrieval and its consequences for decision making and problem 577 

solving (Gómez-Ariza et al., 2017; Iglesias-Parro & Gómez-Ariza, 2006; Lechuga et al., 578 

2012; Valle et al., 2019, 2020b). This strongly supports the notion that the left ATL is not 579 

involved in the downregulation of competing responses. Previous exposure to some of 580 

the (studied) items prevented anodal tDCS from interfering with their generation as 581 

solutions. Thus, it is possible that increased activation and accessibility of these items 582 

minimized their dependence on brain regions (such as ATL) involved in complex 583 

semantic integration. If so, these solutions would be less susceptible to the disruption of 584 

neural activity in the left ATL by tDCS.   585 

Of relevance, tDCS did influence the pre-post correlation in theta power. Thus, 586 

while the sham group showed reliable correlations in power across frequency bands 587 

between the two sessions of RS-EEG recording, this was not the case for theta band after 588 

real tDCS. Interestingly, it was only in the sham group that differential theta power (post-589 

pre differential activity) was associated with improved performance on the new RAT 590 
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problems, suggesting that the behavioral effect of anodal tDCS might be mediated by 591 

changes in the theta band.  592 

 593 

Experiment 2 594 

This experiment involved the same procedure as Experiment 1 except for the 595 

tDCS protocol. The main goal was to examine whether inhibitory control (which has been 596 

associated with activity in the right DLPFC) is involved in modulating the accessibility 597 

of relevant memory representations for the creativity task. In this case, the hypothesis was 598 

based on findings from previous tDCS studies using the selective retrieval paradigm 599 

(Stramaccia et al., 2017; Valle et al., 2020a). These studies showed that cathodal tDCS 600 

over the right DLPFC during the SR phase disrupts the downregulation of competing 601 

memories, making them as accessible as baseline memories in subsequent memory or 602 

problem-solving tests. Thus, compared to the sham condition, cathodal tDCS during 603 

selective retrieval was expected to disrupt inhibitory control over competitors’ memories 604 

(those of items that were not to be retrieved but were related to targets during the SR 605 

phase) (Penolazzi et al., 2014; Valle et al., 2020a), as this process is thought to occur 606 

during selective retrieval (Anderson & Hulbert, 2021). Therefore, and closely following 607 

the tDCS protocol used by Valle et al. (2020a), it was expected that real tDCS, but not 608 

sham tDCS, would prevent the retrieval-induced impairment from manifesting in the 609 

RAT. In other words, it was predicted that cathodal tDCS would cause participants to 610 

produce competitors and studied solutions similarly. In contrast, tDCS was expected to 611 

have null or a smaller effect over new problems because the RAT problems employed in 612 

the present studies were not created to be solved under conditions of high competition. In 613 

addition, previous studies have shown changes in RAT performance (i.e., improvements) 614 
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after tDCS of the left DLPFC but not of the right DLPFC (Cerruti & Schlaug 2009; 615 

Zmigrod et al., 2015).  616 

 617 

Method 618 

Participants.  619 

The required sample size for this study was calculated using G*Power 3.1 (Faul 620 

et al., 2009) and assuming a medium effect size (partial squared eta = 0.061) of a 2 x 2 621 

interaction in a mixed ANOVA (tDCS group x type of items on which retrieval-induced 622 

impairment was calculated). A total sample of 34 participants was sufficient to detect a 623 

statistically significant interaction (power = 0.80%; alpha = 0.05). The final collected 624 

sample consisted of 40 participants who met the same requirements as in Experiment 1 625 

and were randomly assigned to the stimulation groups. As in the previous experiment, 626 

participants were completely blind to their assignment and to the hypothesis of the study 627 

and agreed to participate in exchange of course credits or economical compensation (15€).  628 

Materials. 629 

The same as in Experiment 1.  630 

Resting-State EEG acquisition and processing.  631 

The EEG recording was similar to Experiment 1 except that a 32-scalp electrodes 632 

cap (Quick-Cap Neo net, Neuroscan, Inc.) was used. The electrical signal was amplified 633 

by a Grael system (Compumedics Ltd., VIC, Australia). The sampling rate was set to 634 

2050 Hz with an online filter (high pass: 0.5 Hz; low pass: 70 Hz). The raw signal was 635 

 

1 In a related study in which cathodal tDCS was shown to eliminate retrieval-induced impairment in analogy 

problem solving (Valle et al., 2020a), the effect size of the interaction was large (partial squared eta = 0.16). 

For the present study, however, a more conservative approach was preferred, and we predicted only a 

medium effect size even though it would demand a larger sample size. 
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downsampled to 1000 Hz, and the same protocol as in Experiment 1 was followed to 636 

process and analyze the data.  637 

Transcranial direct current stimulation.  638 

The stimulation protocol was identical to that used in Experiment 1, except for the 639 

timing of current application (the SR phase rather than the encoding phase), the site of 640 

stimulation and the polarity of the electrode of interest. As in Valle et al. (2020a), the 641 

cathodal electrode was placed over the right DLPFC (BA 46/9) centered on F4 according 642 

to the international 10-10 system for EEG electrode placement. The reference electrode 643 

was placed on the contralateral deltoid muscle. Figure 6 depicts the electrode montage 644 

and simulated current flow using SimNIBS (4.0.1) software (Thielscher et al., 2015).   645 

 646 

 
Figure 6. tDCS electrode montage and simulation of the current flow performed using SimNIBS 4.0.1 

(Thielscher et al., 2015). The 5x5 cm anode electrode was positioned over the right dorsolateral 

prefrontal cortex (F4). The 7x5 cm cathode electrode was localized over the contralateral shoulder.  The 

strength of the induced electrical field (magnE) is depicted in V/m and the current generated by each 

electrode in presented in mA.   
 647 
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Procedure 648 

The experimental procedure was the same as in the previous experiment and also 649 

lasted approximately two hours and a half (see Figure 2, Experiment 2, for a schematic 650 

representation of the procedure). Since the goal of tDCS was to disrupt inhibitory control-651 

related activity in the right prefrontal cortex, current delivery (either sham or real) was 652 

started during the first distracting task, after the study phase that lasted eight minutes, 653 

continued throughout the SR phase (seven minutes) and was finished during the second 654 

distracting task. As in Valle et al. (2020a), the RAT problems whose solution was a 655 

practiced word were not presented in order to minimize participants’ awareness of the 656 

associations between experimental tasks.  657 

 658 

Results 659 

The analytical approach to the data of the present experiment was identical to that 660 

of Experiment 1. The adverse effects questionnaire indicated that participants did not 661 

experience any major discomfort related to the stimulation, nor were they able to guess 662 

their stimulation condition (see Table 4 in the Appendix). 663 

Behavioral results 664 

Effect of neuromodulation on creative responses and type of solution. To examine 665 

whether tDCS modulated creative performance, a 2 (tDCS: Real vs. Sham) x 2 (type of 666 

solution: Studied vs. New) mixed ANOVA was performed on correct responses. The 667 

results revealed a main effect of type of item, so that studied items (M = 45.28; SD = 668 

14.54) were produced as solutions more often than new items (M = 33.06; SD = 12.32; 669 

See Figure 7). Neither the main effect of tDCS F(1,38) < 1, p = 0.6, η2
p < 1) nor the 670 

interaction reached statistical significance F(1,38) = 3.03, p = 0.09 η2
p = 0.07).  671 

 672 
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Figure 7. RAT performance in Experiment 2 as a function of stimulation and type of solution. Studied: 

Problems whose solution was studied in the first phase of the experimental session but was not target nor 

competitor during retrieval practice. New: Problems whose solution was never presented in the 

experimental session. Error bars represent standard errors of the mean. 

 673 

Selective retrieval and retrieval-induced impairment in RAT performance. A one-674 

way ANOVA indicated that performance during selective retrieval did not differ as a 675 

function of stimulation (MSham = 55.14, SDSham = 14.92; MReal = 53.51; SDReal = 13.46; 676 

F(1,38) < 1, η2
p < 1).   677 

A 2 (tDCS: Real vs. Sham) x 2 (Type of solution: Studied vs. Competitor) mixed 678 

ANOVA on correct responses was conducted to examine the effect of tDCS over the right 679 

DLPFC on retrieval-induced impairment in the RAT (see Table 5 in the Appendix for 680 

descriptive statistics). A main effect of type of solution was found, F(2,38) = 4.20, p = 681 

0.04, η2
p = 0.09, showing that participants correctly solved more problems whose solution 682 

was a previously studied word (M = 44.17; SD = 18.40) compared to problems whose 683 

solution was a competitor during selective retrieval (M = 34.44; SD = 23.84). The main 684 

effect of tDCS was not significant, F(1, 38) = 1.91; p > 0.1; η2
p = 0.05). However, there 685 

was a reliable interaction between tDCS and type of solution, F(2,38) = 8.90, p < 0.01, 686 
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η2
p = 0.19. Follow-up analyses revealed that participants in the sham group exhibited a 687 

reliable retrieval-induced impairment such that they solved fewer problems with 688 

competitors (M = 24.44; SD = 18.94) than with studied solutions (M = 48.33; SD = 17.76); 689 

t(19) = 4.66; p < 0.001; d = 1.04). On the contrary, participants in the real tDCS group 690 

produced similarly solutions that were competitors (M = 44.44; SD = 24.45) and solutions 691 

that were not (M = 40.00; SD = 18.52; t(19) = -0.56; p > 0.5, d = -0.12). Figure 8 shows 692 

the mean retrieval-induced impairment in each stimulation group.  693 

 694 

 

Figure 8. Retrieval-induced impairment (percentage of problems correctly solved with competitors 

subtracted from the percentage of problems correctly solved with studied only solutions) as a function 

of stimulation group. Error bars represent standard errors of the mean. 

 695 

EEG results 696 

Effects of neuromodulation on resting-state EEG. The 2 (tDCS: Real vs. Sham) 2 697 

x (recording time: pre-task vs. post-task) mixed ANOVAs on power for each frequency 698 

band indicated that there were no statistically significant differences in any frequency 699 

band (all Fs < 1; p > 0.6). Descriptive statistics are summarized in Table 3. Correlational 700 

analyses were performed between pre and post EEG activity in each group. While the 701 
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sham group showed a positive association for each band frequency between pre and post 702 

measurements, the real tDCS group showed significant correlations for theta and beta but 703 

not for alpha and gamma [see Table 4, and Figure 2(b) and Figure 2(c) in the Appendix]. 704 

This suggests that cathodal tDCS over the right lateral prefrontal cortex specifically 705 

induced changes in alpha and gamma power.  706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

Differential EEG resting-state activity and performance in creative problems. It 724 

was also examined whether resting-state EEG activity was associated with performance 725 

during problem solving. Specifically, the focus was on the behavioral index that was 726 

affected by tDCS (retrieval-induced impairment). Thus, the post-pre difference in power 727 

for each frequency band across participants was correlated with their retrieval-induced 728 

impairment. The sham group showed a correlation between change in alpha and retrieval-729 

Table 3. Means (and standard deviations) of power in each band 

frequency as a function of tDCS and recording moment in Experiment 2. 

tDCS group Band frequency Pre Post 

Sham tDCS 

Theta 1.98 (2.62) 1.62 (3.04) 

Alpha 2.25 (2.60) 1.94 (3.00 

Beta 1.87 (2.18) 1.53 (2.50) 

Gamma 1.54 (1.97) 1.21 (2.24) 

Real tDCS 

Theta 1.98 (2.62) 1.92 (2.67) 

Alpha 2.33 (2.60) 2.43 (2.73) 

Beta 1.82 (2.11) 1.81 (2.15) 

Gamma 1.55 (1.90) 1.46 (1.93) 

Table 4. Correlations between pre-task and post-task power as a function 

of group and band frequency in Experiment 2. 

Band frequency Sham tDCS Real tDCS 

 Spearman ‘s rho (ρ) Spearman ‘s rho (ρ) 

Theta 0.47* 0.65** 

Alpha 0.53* 0.18 

Beta 0.59** 0.55** 

Gamma 0.51* 0.31 

*p < 0.05, ** p < 0.01 
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induced impairment that only approached statistical significance (ρ = -0.42, p = 0.06), 730 

such that the smaller the change in alpha from pre to post, the greater the impairment 731 

participants showed in producing competitors as solutions. Analyses in the real tDCS 732 

group revealed no associations between differential power in any frequency band and the 733 

magnitude of retrieval-induced impairment (all ps > 0.5; see Table 5).  734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

 742 

Interim discussion  743 

The goal of the present experiment was to determine whether disruption of 744 

inhibitory control (during selective retrieval) by cathodal tDCS over the right prefrontal 745 

cortex alters performance in the RAT. Specifically, it was expected that real tDCS would 746 

increase correct responses to problems that could be solved with solutions that were 747 

competitors during the SR stage, since the disruption of inhibitory control should make 748 

competitors comparable to only-studied items in accessibility and production as solutions 749 

(thus diminishing the otherwise expected retrieval-induced impairment in the RAT). The 750 

results clearly supported this expectation. While a reliable retrieval-induced impairment 751 

was present in the sham group, no such effect was evident in the real tDCS group. No 752 

other tDCS-related differences in performance were observed (importantly, problems 753 

with new and studied solutions were solved similarly in both stimulation groups).  754 

Table 5. Correlation coefficients (Spearman‘s rho) 

between differential power (post-pre) and retrieval-

induced impairment as a function of frequency band and 

group in Experiment 2. 

Band frequencies Sham tDCS Real tDCS 

Theta -0.23 -0.02 

Alpha -0.42* 0.10 

Beta -0.38 0.12 

Gamma -0.25 0.16 

*p = 0.06 
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Resting-state EEG analyses also revealed a tDCS-induced change in power in two 755 

frequency bands. All pre-post correlations were statistically significant in the sham group, 756 

suggesting stability across participants between the two recording sessions. In addition, 757 

changes in alpha band marginally predicted the relative production of competitors as 758 

solutions. In the real tDCS group, however, the consistency of alpha and gamma power 759 

was altered and no association between differential power and retrieval-induced 760 

impairment was observed.  761 

 762 

General discussion 763 

Although previous neuromodulation studies have already investigated the 764 

implication of temporal and prefrontal regions in creative thinking, the results regarding 765 

the left ATL and the right DLPFC remained inconclusive (Koizumi et al., 2020; for a 766 

review see Weinberger et al., 2017). Hence, the main goal of the present study was to test 767 

the hypotheses that 1) the left ATL plays a role in the production of creative responses 768 

requiring semantic integration (Experiment 1), and 2) the right lateral prefrontal cortex is 769 

involved in the inhibition of competing information, which might subsequently contribute 770 

to the production of creative responses (Experiment 2). Both studies worked as reciprocal 771 

control experiments to examine if tDCS over each region of interest differentially 772 

modulates different neural networks and cognitive processes associated with creative 773 

thinking. In the present experiments, participants performed an adapted selective retrieval 774 

task followed by a RAT containing problems that could be solved with studied (some of 775 

which also became competitors during selective retrieval) and new words. This is a 776 

procedure that allows the dissociation between semantic processing (from hits to RAT 777 

problems whose solutions are new words) and memory inhibition (from hits to RAT 778 

problems whose solutions were competitors during selective retrieval). Although solving 779 
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RAT problems involves both semantic processing and inhibition (e.g., Lezama et al., 780 

2023), in the SR-RAT procedure semantic processing is better captured by solutions to 781 

new problems since they are not primed by episodic processing during study and/or 782 

selective retrieval. In contrast, the production of solutions that were competitors during 783 

selective retrieval is a good marker of memory inhibition, since their reduced presence in 784 

responses to RAT problems would index the consequences of inhibitory control.  785 

Thus, in Experiment 1, it was expected anodal tDCS over the left ATL to hamper 786 

RAT problems solving, particularly for problems whose solutions were not previously 787 

presented in the context of the experiment. Additionally, it was hypothesized that the 788 

impairment typically observed after selective retrieval (Gómez-Ariza et al., 2017; Lezama 789 

et al., 2023) would not be affected by stimulation of the left ATL. In Experiment 2 the 790 

hypothesis was that cathodal tDCS of the right DLPFC applied during selective retrieval 791 

would interfere with the inhibitory mechanism acting on competing items, preventing 792 

them from being downregulated but consequently making them more accessible as 793 

solutions during the RAT phase. Thus, less retrieval-induced impairment was expected 794 

compared to the sham condition. Finally, real tDCS was expected to modulate resting-795 

state EEG in both experiments. 796 

The pattern of results from Experiment 1 indicated that real tDCS led participants 797 

to produce fewer responses to new RAT problems than sham tDCS. Solving new RAT 798 

problems requires access to information that is semantically related to the cue words in 799 

the problem as well as the combination of this information to generate candidate solution 800 

ideas (Smith et al., 2013). Hence, the main finding of Experiment 1 suggests that the left 801 

ATL, as an integration hub within the semantic memory network (Bonner & Price, 2013; 802 

Lambon Ralph, 2014), plays a relevant role in the generation of possible solutions to RAT 803 

problems which was disrupted by anodal tDCS. This finding is consistent with results 804 
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from neuroimaging studies that have identified enhanced activation of the left ATL linked 805 

to semantic processing during creative tasks such as the AUT and RAT (Abraham et al., 806 

2012, Abraham et al., 2018; Tik et al., 2018). Interestingly, the finding also fits with 807 

theoretical frameworks that point to the left ATL as a hub specialized in binding 808 

information from different brain areas to form coherent conceptual representations 809 

(Lambon Ralph, 2014). The left ATL seems to play a particularly significant role in the 810 

processing of verbal information (Jefferies, 2013; Díez et al., 2017) and in situations 811 

where complex conceptual constructions are required (Baron & Osherson, 2011).  812 

However, this main finding differs from the results of previous studies in which 813 

tDCS was delivered over the ATL. In two studies, Chi and Snyder (2011, 2012) found 814 

that bilateral (right anodal) tDCS increased participants' creative performance that relied 815 

heavily on visuospatial information (matchsticks and 9-dot problems). A similar 816 

bicephalic montage was used in the study by Aihara et al. (2017), wherein matchsticks 817 

and RAT problems were used to examine the effect of tDCS on creativity. No effect, 818 

however, was observed, in contrast to the present finding. These differences are likely 819 

due to methodological factors. First, there is some evidence that the right ATL is more 820 

involved in processing of visuospatial information than the left ATL (e.g., Alonso et al., 821 

2021; Mion et al., 2010). Hence, variations in the tasks (visual versus verbal) used to 822 

capture the effect of tDCS on creativity might explain the differences. Second, the 823 

electrode montage used here was aimed to specifically modulate activity in the left ATL, 824 

whereas in the aforementioned studies both ATLs were the target of stimulation. This 825 

divergence suggests that the impact of anodal tDCS on RAT problem solving arises 826 

specifically when the left ATL is the target of stimulation. In support of this idea, 827 

Ruggiero et al. (2018) observed that anodal stimulation of the left ATL coupled with 828 

cathodal tDCS of the right ATL reduced RTs relative to sham, even though there was no 829 
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change in accuracy. Hence, the present study seems to indicate that tDCS montages 830 

targeting the left ATL may be able to change performance in the RAT, particularly with 831 

anodal stimulation. Further research should be directed to replicate the present finding 832 

and to establish the role of right (or bilateral) ATL stimulation and its relation to the type 833 

of information required by the creativity task.  834 

In Experiment 2, cathodal stimulation of the right lateral prefrontal cortex resulted 835 

in participants having comparable access to both competitors and studied items during 836 

the RAT phase, in contrast to the sham group which exhibited the expected impairment 837 

following selective retrieval (for related results see Gómez-Ariza et al., 2017; Iglesias-838 

Parro & Gómez-Ariza, 2006; Lezama et al., 2023; Valle et al., 2020a). This finding 839 

supports the notion that altering neural activity in the right prefrontal cortex during 840 

selective retrieval disrupts inhibitory control over competitors, making them as accessible 841 

as non-competitors when it comes to generating solutions. Accessibility to relevant 842 

information becomes critical throughout the problem-solving process (e.g., Gómez-Ariza 843 

et al., 2017; Gupta et al., 2012; Luft et al., 2018). The present findings contribute to the 844 

understanding of how prior inhibition of relevant information may modulate RAT 845 

performance (see also Lezama et al., 2023). Furthermore, this tDCS-related finding offers 846 

converging evidence supporting the causal role of the right lateral prefrontal cortex in 847 

selective retrieval as a source of top-down control that influences memory accessibility 848 

and problem solving, including convergent thinking (Penolazzi et al., 2014; Stramaccia 849 

et al., 2017; Valle et al., 2020a).  850 

Anodal tDCS over the left ATL was also linked to changes in the pattern of pre-851 

post consistency in theta power observed in the sham group. This suggests that real 852 

stimulation specifically modulated theta rhythms. In addition, better resolution of new 853 

RAT problems was associated with larger post-pre differences in theta power in the sham 854 
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but not the real tDCS group, suggesting that tDCS could have changed performance by 855 

modulating the pattern of activity in the theta band. Previous studies have related theta 856 

oscillations to higher order cognitive functions such as episodic and working memory 857 

(WM) processes (Klimesch et al., 2007; Sammer et al., 2007; see Sauseng et al., 2012 for 858 

a review) and semantic retrieval (Marko et al., 2019). Moreover, in a transcranial 859 

alternating current stimulation (tACS) experiment, Marko et al. induced theta oscillations 860 

over the left prefrontal and posterior perisylvian cortex to be either in-phase or anti-phase 861 

while participants performed a series of semantic retrieval tasks. Their results indicated 862 

that variations in theta-band synchrony modulated semantic retrieval performance (in-863 

phase tACS negatively affected controlled semantic retrieval, while anti-phase tACS 864 

improved controlled retrieval but hindered performance on automatic semantic tasks). 865 

These results were taken as evidence for the role of theta oscillations in binding 866 

semantically related representations, and might support the interpretation that the changes 867 

observed here in RS theta after tDCS might be reflecting disturbances in the integration 868 

process during RAT problems solving.  869 

Resting-state EEG in Experiment 2 also revealed changes in the pattern of power 870 

consistency as a function of tDCS condition. Specifically, prefrontal neuromodulation 871 

appeared to eliminate the pre-post stability in the alpha and gamma bands that prevailed 872 

in the sham group (as a matter of fact, all frequency bands exhibited consistency across 873 

the two RS recordings in this group). Considering the well-established association of the 874 

gamma band (along with theta) with episodic encoding and retrieval processes (e.g., 875 

Nyhus & Curran, 2010; Griffiths et al., 2019), variations in gamma power after cathodal 876 

tDCS of the right DLPFC may arise from the disruption of retrieval-related brain activity. 877 

Furthermore, alpha band has been associated with controlled access to information in 878 

long-term memory and inhibition of distracting information (Klimesch, 2012). Hence, it 879 
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is entirely possible that the tDCS-induced changes in cortical excitability are responsible 880 

for the loss of pre-post consistency in alpha and that this can mediate the reduction in 881 

inhibitory control during selective retrieval. While these are only speculations about the 882 

cognitive correlates of these specific changes in brain rhythms in Experiments 1 and 2, 883 

they provide complementary evidence (along with performance changes) for specific 884 

effects of stimulation over distinct cortical regions of interest for creative thinking. 885 

It is worth mentioning that stimulation of the left ATL did not lead to changes in 886 

retrieval-induced impairment (reduced production of competitors as solutions). This 887 

result a) replicates previous findings on how inhibitory control during selective retrieval 888 

may impact on subsequent problem-solving tasks even unconsciously (creativity: Gómez-889 

Ariza et la., 2017; decision making: Iglesias-Parro & Gómez-Ariza, 2006; Lechuga et al., 890 

2012; analogical reasoning: Valle et al., 2019, 2020a, 2020b) and, more relevant here, b) 891 

is consistent with the idea that the left ATL (and its interconnected nodes within the 892 

semantic network) do not play a relevant role in exerting top-down control over 893 

competing information during episodic retrieval. Thus, only those problems whose 894 

solution was never presented (new) were sensitive to the effect of ATL stimulation, so 895 

that prior exposure to items (in the case of studied problems) seemed to prevent anodal 896 

tDCS from hindering their generation as solutions. While studied words were provided 897 

as responses more frequently than unstudied (new) words (this is an expected priming 898 

effect; see Valle et al., 2019 for a similar finding in analogical reasoning), they were not 899 

affected by anodal tDCS which, however, uniquely disrupted the process of generating 900 

unprimed solutions. It is important to note that the problems to be solved with new words 901 

in the present experiments essentially correspond to the standard condition in other RAT 902 

studies, in which participants solve problems with unprimed solutions (Luft et al., 2018; 903 

Zmigrod et al., 2015), and in which neuroimaging and neuromodulation studies have 904 
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suggested the implication of anterior regions of the left temporal lobe in the generation 905 

of creative ideas (e.g., Abraham et al., 2018; Aihara et al., 2017; Chi & Snyder, 2011, 906 

2012; Tik et al., 2018). Hence, it is plausible that prior exposure to solutions, which would 907 

increase their activation, may reduce the need to rely on brain regions (such as the ATL) 908 

that contribute to semantic integration, which would result in these solutions being less 909 

affected by the disruption of neural activity in such regions. 910 

Unlike Experiment 1, participants in in Experiment 2 exhibited a comparable rate 911 

of correct responses to new and studied problems regardless of stimulation condition. 912 

This shows that right DLPFC stimulation uniquely altered inhibitory control during 913 

selective retrieval, which impacted RAT solutions that were competitors. Although 914 

previous research has shown that enhanced inhibitory control during retrieval predicts 915 

RAT performance (Lezama et al., 2023; Storm et al., 2011), and that inhibition itself may 916 

contribute to creative thinking (Palmiero et al., 2022), Experiment 2 failed to provide 917 

evidence that disrupting neural activity in the right lateral prefrontal cortex changes RAT 918 

performance outside of the specific problems with former competitors as solutions. 919 

However, this lack of effect of prefrontal neuromodulation on the production of solutions 920 

that had not been previously competitors is not unexpected since previous studies with 921 

different tDCS protocols to the one used here also failed to observe general changes in 922 

RAT performance (Li et al., 2022; Xiang et al., 2021). It is important to note that none of 923 

these previous studies directly assessed or manipulated the strength or presence of 924 

competing solutions during problem-solving tasks. Hence, it is possible that the 925 

neuromodulation of inhibitory control did not lead to changes in creative performance 926 

because the employed creativity tasks did not sufficiently demand such a type of 927 

executive control. Additionally, it would be beneficial to examine if the monopolar 928 

montage used in Experiment 2 (cathode over the right DLPFC) is effective in modulating 929 
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RAT performance when tDCS is delivered online (while participants are engaged in 930 

problem solving) rather than offline (as was the case in Experiment 2). 931 

To conclude, an important contribution of the present experiments is that it 932 

provides causal evidence of a) the involvement of the left ATL (presumably via 933 

integration/combination of ideas) in solving RAT problems and of b) the role of the right 934 

lateral prefrontal cortex in downregulating relevant information that could contribute to 935 

the generation of creative solutions. It is noteworthy that the present findings support a 936 

functional dissociation between the left ATL (as part of a semantic brain network) and 937 

the right lateral prefrontal cortex (as part of a cognitive control network). The results from 938 

Experiment 1 support the relevance of temporal areas to creativity while opening a door 939 

to questioning the possible functional dissociation (or collaboration) between the left and 940 

the right ATL, which might also depend on the nature of the creativity task. Along these 941 

lines, Salvi et al. (2020) applied HD-tDCS over either the right temporal region (BA22; 942 

which is not precisely the same contra-hemispheric region targeted here) or the 943 

frontopolar region to compare the effect of this stimulation to that of sham tDCS on 944 

performance in the RAT. Their results revealed that, in comparison to sham and left 945 

frontopolar stimulation, right temporal stimulation increased hits as well as the use of 946 

insight as a resolution strategy. Although Salvi et al. (2020) used a different 947 

neuromodulation technique in a more posterior region, which complicates the 948 

comparisons between their results and those from our Experiment 1, it suggests an 949 

implication of the right ATL during RAT resolution. Finally, Experiment 2 further 950 

demonstrated how changes in accessibility of relevant information in memory can 951 

subsequently affect the ability to solve creativity problems, as well as the involvement of 952 

right prefrontal areas in regulating such accessibility.   953 
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While offering valuable insights into the involvement of the left ATL and the right 954 

prefrontal cortex in processes that contribute to creative thinking, the present study is not 955 

without limitations. Firstly, creativity was only assessed with the RAT. Consequently, it 956 

would be necessary to test the generalizability of the present findings in creativity tasks 957 

other than the RAT, provided that they require semantic and inhibitory control processes 958 

(e. g., story completion task, Lam & Comay, 2020). Second, a dual-electrode 959 

(conventional) tDCS montage was used in the present experiments. Even when an 960 

extracephalic reference electrode was utilized to minimize its effects on the brain and an 961 

active electrode of relatively small size was employed, HD-tDCS could be more suitable 962 

for achieving higher spatial precision. Additionally, and following the procedure of 963 

previous tDCS studies in our laboratory, both experiments employed a single-blind 964 

stimulation protocol. Even when a counterbalance procedure was employed, which 965 

precluded the experimenter from being aware of the specific condition to which each 966 

problem belonged, a double-blind protocol would have been the preferable option.  967 

Future studies on neuromodulation and creative thinking should include 968 

simultaneous recording of electrophysiological brain activity (i.e., 969 

EEG/magnetoencephalography) to more precisely determine the neural changes that 970 

underlie RAT resolution. Connectivity analyses within and between the different brain 971 

networks involved in creative thinking would assist in elucidating of the neurocognitive 972 

processes underlying the generation of innovative ideas.  973 
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